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H I G H L I G H T S  
• The effect of geometry and nanoparticles concentrations on the heat transfer and friction factor of the microchannel. 
• The conventional straight channel is compared with uniform wavy, dual wavy channel considering the equal volume. 
• The optimum channel is identified by using the Thermal Performance Factor considering the effect of heat transfer and pressure drop. 
• The heat transfer performance of all wavy channels was more than double compared to straight channel and increased with an increase in 
Reynolds number. 
• The base wall temperature reduced on average from 6 ◦C to 10 ◦C for a 100 to 900 increase in Reynolds number compared to the straight channel.  







A B S T R A C T   
Thermal management is crucial for the proper functioning of a system whether it is in electronics, 
process industry, automobile, and renewable devices. Micro-channel heat exchanger has proved 
to be efficient in heat ejection from renewable systems due to high heat transfer surface to volume 
ratio. This study focuses on evaluating the cooling performance of straight, wavy, and dual wavy 
Micro-Channel Heat Exchanger by modelling the heat transfer model in ANSYS Fluent. The 
incompressible fluid is considered in the laminar regime using alumina-based nanofluids with 1%, 
3%, and 6% concentration. The solution is computed by selecting SIMPLE pressure-velocity 
coupling scheme with second-order momentum and energy discretization. Nusselt number, 
pressure drop, base temperature, and Thermal Performance Factor (TPF) are used as performance 
parameters for comparing nanofluids performance at Reynolds number range of 100–900. For 
straight, wavy, and dual wavy model heat transfer, as well as pressure drop, increased with 
Reynolds number. It is observed that wavy and dual wavy channels compared to straight channel 
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improved convective heat transfer due to the formation of secondary vortices at the curved 
section. Dual wavy with wavy base and flat base wall showed highest Nusselt number increase of 
more than double when compared with straight channel of equal concentration. For 6% nano 
particles addition in all channels, on average both dual wavy channels showed highest 
improvement of 8% when compared with 0% concentration channel. Dual wavy channel with a 
flat base and wavy base reduced the base heater temperature by 10 ◦C and 9 ◦C compared to the 
straight channel. A maximum Thermal Performance Factor of 2.2 is achieved for dual wavy 
channel with a wavy base configuration with 6% nanoparticles.   
1. Introduction 
The power consumption of electronic components and subsequent performance levels are achieved by effective heat removal from 
e-chips. By current practice, air cooled heat sinks are widely used [1,2]. With each passing decade, the size of electronic chips has 
reduced significantly with increased performance efficiency and as a result, high thermal flux is released. Air with low thermal 
conductivity and heat capacity in not efficient for increased thermal flux [3]. This lead to the integration of fluid cooled heat sinks in 
electronic systems [4–7]. Liquids with better thermal characteristics than air such as water become standards for most cooling ap-
plications. The performance factor of such liquid cooled heat sink is dependent on heat sink physical configuration such as the shape of 
the heat sink and the type of fluid used for removal of thermal heat from the sink. 
In term of physical configuration, the introduction of microchannels embedded into the heat sinks have been studied by several 
Nomenclature 
Symbol 
L (μm) Overall length of channel 
H (μm) Height of the channel 
W (μm) Width of the channel 
P (μm) Distance between two crest (Top) 
b (μm) Distance between two crest (Side) 
a (μm) Wave amplitude 
Dh (mm) Hydraulic diameter of channel 
ρ (kg/m3) Density 
μ (Pa.s) Viscosity 
Cp (J/kg.K) Specific Heat 
k(W/m.K) Thermal Conductivity 
h(W/m2K) Convective heat transfer coefficient 
ΔP (Pa) Pressure Drop 
T(K) Temperature 
U(m/s) Velocity of fluid 
Q (W/m2) Heat flux 
Symbol 
f Friction Factor 
Re Reynolds Number 
Nu Nusselt Number 
TPF Thermal Performance Factor 




bf Base Fluid (Water) 
s Solid 




avg Average  
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researchers with positive results [8–12]. It has wide applications related to heat transfer in refrigeration and air conditioning, mi-
croelectronics, biomedical, solar panel, aerospace, and process industry. The geometry of the micro-channel system itself has been 
investigated with variable shape configurations such as tree-shaped [13], fractal shaped [14] and hybrid structures [15]. These shape 
deviation from convectional straight microchannels have been shown to enhance the heat transfer capabilities with promising results 
in the wavy (sinusoidal) channels [16,17]. Sui et al. [16] tested 60–62 wavy microchannels of copper concluding high heat transfer 
performance and justified that pressure drop in wavy channel compared to heat transfer is an affordable trade off. 
Physical configuration aside, the type of cooling liquid used in these micro channels affects the performance of heat sinks. 
Techniques have been employed to improve thermal performance by utilizing phase-change materials [18–20] and nano-fluids 
[21–24]. Since the introduction of nano-fluids, it is argued that higher thermal conductance of nano-sized solid particles mixed 
with a thermal convective liquid, such as water, would improve the overall thermal convective performance of the cooling liquid in a 
heat sink [25]. 
In recent studies, the effect of nanoparticles such as graphite for industrial microchannel with a volume fraction (ϕ) of 0.5–2% in a 
distilled water as base liquid showed a positive correlation with convective heat transfer (h) rate, an increase in nano-particle increased 
convection rate by 15–25% [26]. Similarly, with a silver (Ag)-water nano-fluid increased performance was reported as compared to 
base fluids, and it is shown that heat sinks with frequent path changes are more effective, but the results of this study were inclusive 
[27]. In terms of the effect of nano-particles on sinusoidal mini-tube, a detailed study is performed by Liu et al. [28]. They observed 
heat transfer and convection rate of silicon-carbide (SiC) nano-fluid, with a volume fraction (ϕ) of 4% and particle diameter (d) ranging 
from 16 to 90 nm in a base fluid of ethyle-glycol/water (50:50) mixture. It is seen from their data that nanoparticles of SiC with d = 90 
nm were most effective. 
Researchers have studied nano additives for performance enhancement of shell and tube heat exchanger [29], car radiator [30], 
double tube counter flow heat exchanger [31,32], photovoltaic thermal system [33] and solar air heater [34–36]. It must be noted here 
that the addition of nano-additives in a base liquid increases the viscosity of base liquid, and the leniency towards Newtonian or 
non-Newtonian would depend on exposed temperature [23]. In case of aluminium oxide (Al2O3) nano-additive, with 1–10% con-
centration and base liquid of ethylene glycol-water mixer, the nano-fluid behaved has Newtonian fluid under temperature ranges of 
0 ◦C to 90 ◦C, and as non-Newtonian between − 35 ◦C to 0 ◦C [37]. In case of nano additives of silicon dioxide (SiO2) in ethylene 
glycol-water mixer, Newtonian behaviour was absent in temperature ranges of − 35 ◦C to 50 ◦C when the volume fraction of additive is 
0%–6% [37–39]. Numerical simulation for convective heat transfer estimation by introduction of nano-particles like Al2O3 [40–47], 
CuO [40,43,46,48,49], SiO2 [46], Cu [50,51], ZrO2 [44], TiO2 [45] and ZnO [46] in different shapes channel like simple straight [44, 
45], with vortex generators [43], with Trapezoidal rib-groove [46] and triangular enclosure [51] are studied. Effect of nanoparticles on 
uncommon geometries like wavy [52], curvy [53], and zigzag [53] configurations have sufficient area to work. 
For the current study, the performance of wavy and dual wavy microchannel is numerically investigated to gauge their perfor-
mance level subjected to 1%, 3% and 6% nano-fluid concentration of aluminium oxide (Al2O3). The base liquid is de-ionized water 
with temperature dependent thermophysical properties. For comparison purpose of the straight, wavy, and dual wavy channel, overall 
volume of the geometric models is kept the same. The fully developed flow is introduced in the channels to maintain the same flow 
entrance conditions. The amplitude of the wave is selected between an optimum range of 0.06–0.22, proposed for best thermal 
performance [52]. 
The paper is presented as follows: Section II presents the methodology, including the geometry, mesh, governing equations, setup, 
and boundary conditions parametric definition and validation and test matrix; Section III shows the main results and discussion, 
including the effect of nano-particles and geometry on the base temperature, the effect of nano-particles on thermal performance factor 
and the effect of channel geometry with nano-particles.; Finally, the paper concludes with Section IV, where the main conclusions are 
presented. The studied design can serve as a substitute in microchannel base heat transfer applications related to solar panel cooling 
[54,55], gas turbine blade [56], and combustor cooling [57], and microelectronic cooling [58,59]. 
2. Methodology 
2.1. Geometry 
A geometry of straight and wavy microchannel is developed using SolidWorks software. Quantitative geometrical attributes are 
represented in Table 1 where Hd is hydraulic diameter, W is width, L is length, a is amplitude, P is the pitch of wavy channel and b is 
pitch of dual wavy base. The overall volume of all channels is fixed for performance comparison purposes. The channels with Straight, 
wavy, dual wavy with flat base (FB), and dual wavy with wavy base (WB) are studied, three channels will have equal heated area and 
one will have more heated area. Aspect ratio, length, and amplitude ‘a’ are fixed by referring from the research study of Mohammad 
et al. [52], together with the selection channel with optimum overall thermal performance. 
Table 1 
Parameters of channel.  
Dimensions of Microchannels b (μm) 
Hd (μm) W (μm) L (μm) a (μm) P (μm) 
335.19 280 10,916 375 2000 3158  
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2.2. Mesh 
The meshing of the microchannel models is performed in ANSYS Meshing module by using tetrahedral element type (see Fig. 2c). 
The grid independence is shown in graphical and error representation in Fig. 2a and Table 2. It is achieved at 4,132,128 number of 
elements with average mesh orthogonality, skewness, and aspect ratio of 0.814, 0.124, and 8.05. Grid independence is achieved by 
varying mesh size from coarse to finer mesh. 
2.3. Governing equations 
The fluid flow and heat transfer are governed through continuity, momentum and energy equations (1)–(3) [43,60]. 
∇.U = 0 (1)  










In the governing equations: ρ is the density of the fluid; U is the velocity; μ represents viscosity; k is the thermal conductivity; T 
represents temperature, and; Cp is specific heat. 
2.4. Setup and boundary conditions 
Numerical analysis is performed using Fluent module of ANSYS 19.2. The incompressible fluid is considered with temperature 
dependent properties. They are introduced in piecewise polynomial for both De-ionized water [61,62] and nanofluids [63]. Ther-
mophysical properties of the base fluid and nanoparticles are shown in Table 3. Fully developed flow profile is imported in the channel 
by performing additional simulations for each particle concentration. Heat flux condition with the value of 200,000 W/m2 is applied in 
the bottom wall of the straight, wavy, and dual wavy. Top and side walls are set as adiabatic in Fig. 3a, b, 3c, and 3d model. The 
temperature of the inlet fluid is set to 298K. For modelling heat transfer, thin wall model approach (no axial wall conduction) is applied 
at the side walls due its good approximation with experimental results for single channel [64] and also reduced mesh size, and 
Aluminum is set as a solid substrate with 250 μm side wall thickness and 1000 μm base wall thickness [64]. Eulerian approach is used 
for modelling Nanofluids in the channel [65]. SIMPLE algorithm is used for pressure velocity coupling with second order upwind 
schemes to compute solution numerically. Xeon 5650 dual hexa core processor with 60 GB Ram is utilized for computational approach. 
Average time for the completion of one simulation is 5 h. 
2.5. Parametric definition 
The results of the study are presented by using subsequent parameters. The Reynolds number (Re) depending on hydraulic diameter 
(Dh) of channel and fluid properties are given by equations (5) and (6), respectively, 
Re=
ρuinDh





where: W is the width and H the height of the microchannel; μ represents the viscosity, and; uin is the velocity of the fluid. 
Fig. 1. Geometry a) Dual wavy, b) Wavy, and c) Straight.  
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Properties of alumina and base fluid at different nanoparticles concentrations (σ) is modelled using nanofluids expressions for 
density ρnf, viscosity μnf, specific heat Cp,np and thermal conductivity knf, given by equations 7–10 [2,43,51]. 

















Fig. 2. (a)Grid Independence for model, (b) residuals and (c) meshed model.  
Table 2 
Grid Independence study.  
Sr. no Number of Elements Pressure Drop (Pa) % Difference 
1 171,601 4234 – 
2 325,420 5142 21.4% 
3 565,110 5248.03 2.1% 
4 1,141,504 5471.87 4.3% 
5 1,929,792 5575.11 1.9% 
6 4,132,128 5612.32 0.7% 
7 10,066,875 5640.26 0.5%  
Table 3 
Properties of pure water and alumina.   
Al2O3 [63] Pure-Water [61,62] 
μ (Pa.s)   





k (W/m.K) 36 0.6+ 2.5× 10− 5T  
CP (J/kg.K) 765 4180 
ρ (kg/m3)  3970 1000  
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In equations 11 and 12: h is the heat transfer coefficient; Q is the heat flux, and; kbf is average base fluid thermal conductivity. 






ΔP= Pout − Pin (14) 
For addressing the overall performance of wavy and dual wavy microchannel, a performance comparison with conventional 





Fig. 3. Boundary Conditions a) Straight channel, b) Wavy channel, c) Dual wavy with Flat Base (FB), and d) Dual wavy channel with Wavy 
Base (WB). 
Fig. 4. Validation of Numerical Model a) For friction factor with Hansel et al. [66], b) For Nusselt number with (H = 100 μm, W = 400 μm) Chen 
et al. [67]. 
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where Nuo and f0 represents Nusselt number and friction factor of benchmark channel, where in this case is the straight channel. A 
value of TPF greater than 1 will represent studied channel superior in heat transfer than benchmark channel. 
2.6. Validation and test matrix 
Validation of Nusselt number and friction factor is performed with the study of Hansel et al. [66] and Chen et al. [67] for verifying 
the performance prediction capability of the numerical model. The numerical model developed considering same geometry, flow and 
boundary conditions of experimental study, fairly validates with the experimental model with an average error of approximately 3%. 
The error can be due to uncertainties during experimentation which are limited in numerical modelling. (Fig. 4). 
Test matrix for the overall study is presented in Table 4 where 41 models are run for fully developed profile extraction which are 
exported to simulate 50 models. 
3. Result and discussion 
3.1. Effect of nano-particles and geometry on the base temperature 
Base cooling with variation in Reynolds number and particles concentration for straight and wavy microchannel can be seen in 
Fig. 5a and b. For all, four cases, cooling effect on the base is high in case of the dual wavy channel with wavy base, straight channel, on 
the other hand, proved least favorable in cooling. It can also be observed that with the increment in Reynolds number more heat is 
extracted from the heating surface. So, the wavy and dual wavy channels can cool the heated surface more efficiently than straight. 
Considering Reynolds number with 0% concentration, a maximum temperature reduction of 8.5 ◦C is achieved at Re = 600 for wavy 
channel, dual wavy with wavy base provided 10.5 ◦C reduction at Re = 300, and dual wavy with flat base provided 9.8 ◦C reduction in 
temperature at Re = 300. 
It can be seen in Fig. 6b that with the increase in nanoparticles concentration base temperature of the straight, wavy, and both dual 
wavy channel decreases, thus depicting enhancement in heat carrying capability of fluid. The highest cooling effect is produced by the 
dual wavy change due to high disturbance in the flow by the periodic variation of geometry path and the variation of cross-section due 
to wave in the base. High fluctuations of the flow and creation of backflow flow limited the laminar response to 600 Reynolds number 
for the dual wavy channel. This is due to the divergent section of the channel as can be seen from the side view of the dual channel in 
Fig. 1. Considering Reynolds number with 6% concentration, a maximum temperature reduction of 8.7 ◦C is achieved at Re = 600 for 
wavy channel, dual wavy with wavy base provided 9.7 ◦C reduction at Re = 300, and dual wavy with flat base provided 9.1 ◦C 
reduction in temperature at Re = 300. 
The contours of base cooling in Fig. 6 depicts reduced temperature in the base for the wavy and dual wavy channel. The low 
temperature is due to mixing phenomena created by the vortices due to high and low velocity regions at the maximum wave am-
plitudes. The high temperature zones in dual wavy flat and wavy base channel are at different spots. For Re = 100, the lowest 
maximum hot spot of 329K is seen for dual wavy with wavy base. However, for Re = 600, the lowest maximum hot spot of 311K is seen 
for wavy channel in Fig. 6b but the dual wavy channel in Fig. 6c and d has more area with low temperature. 
3.2. Effect of nano-particles on thermal performance factor (TPF) and Prandtl number (Pr) 
The requirement of optimum heat exchanger involves low pressure drop and high Nusselt number. TPF is a non-dimensional 
parameter used for identifying the performance of microchannel by relation pressure drop and Nusselt number trade off of existing 
and improved channel. Fig. 7a, b, 7c, and 7d represent performance enhancement of straight, wavy, dual wavy flat base (FB) and wavy 
base (WB) channel with the addition of nanoparticles of different concentration by keeping base fluid as a benchmark. Fig. 7a shows 
that for concentrations TPF is greater than 1, showing that Nusselt number overtook the pressure drop. For low Reynolds number, 3% 
and 6% concentration fluid showed enhancement in heat transfer, but beyond Re = 300 pressure drops became dominant, showing 
reduction in TPF. Fig. 7b shows TPF variation with Reynolds number, which at low nanoparticles concentration, TPF remained nearly 
1, and at high values above Re = 600, it increased due to the formation of vortices, see Fig. 7(b,e,f). For high concentration, TPF first 
decreases due to pressure drop dominance with increase in nanoparticles concentration and then increased to peaked at Re = 900. It is 
because of the development of reoccurring vortices in the wavy channel. 
Performance of dual wavy channel is shown in Fig. 7c and d, representing an increase in performance with the addition of 
Table 4 
Test matric of numerical study.   
Model No of cases 
To Develop Flow Straight Channel (0%,1%,3%,6%) 16 
Wavy Channel (0%,1%,3%,6%) 16 
Dual Wavy Channel (0%,3%,6%) 9 
Developed Flow Straight Channel (0%,1%,3%,6%) 16 
Wavy Channel (0%,1%,3%,6%) 16 
Dual Wavy Channel Flat Base (0%,3%,6%) 9 
Dual Wavy Channel Wavy Base (0%,3%,6%) 9  
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Fig. 5. Base wall temperature cooling with Reynolds number a) 0% nanoparticles b) 6% nanoparticles.  
Fig. 6. Temperature contours on channel heated face a) Straight channel, b) Wavy channel, c) Dual wavy channel (FB), and Dual wavy chan-
nel (WB). 
Fig. 7. TPF variation with Reynolds number for a) straight model, b) Wavy model, c) Dual wavy model (FB), and d) Dual wavy model (WB).  
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nanoparticles. A diverging section in Fig. 7b is due to increase in Nusselt number for 6% concentration with less increment in pressure 
drop. It can also be seen in Fig. 11 that depicts that intensity of heat transfer in some case increases high and in others low compared to 
the pressure drop. Fig. 8c and d shows that formation of regular vortices at the high aspect ratio cross section of the channel. The 
development of vortices begins at low Reynolds number, and its intensity became more with the increase in Re value. 
Temperature variation in the cross section of the channel is shown in Fig. 9, where temperature behavior for a straight channel is 
uniform. However, Fig. 9b, c, and 9d constitute irregular contours depicting cooling effect produced due to heat extraction from the 
base by circulating flow. Furthermore, flow vortices periodic temperature contours on the cross section of dual wavy channel are 
visible in Fig. 9c and d, i.e., velocity and temperature dissipation phenomena. 
The Prandtl number depends on thermal conductivity (k), viscosity (μ), and specific heat (Cp) of the fluid. In this study, fluid 
properties are temperature dependent as represented in Table 2. The Pr presented in Fig. 10 with Reynolds number for different 
geometries and nano-additive concentration, is evaluated on the temperature of the fluid at the channel outlet thus, as different ge-
ometries have different outlet fluid temperatures the respective Pr value is different as shown in Fig. 10. It can be observed that Prandtl 
number decreases with increment in particles concentrations because of enhancement of thermal diffusivity or thermal conductivity. 
On the other hand, it increases with Reynolds number depicting increment in momentum diffusivity. Based on geometry, wavy channel 
shows high momentum diffusivity, this is due to the formation of rotating vortices throughout the length of the channel compared to 
dual wavy channel which experience vortices only at bigger cross section. 
3.3. Effect of channel geometry with nano-particles 
Heat transfer coefficient, pressure drop, and TPF with Reynolds number, geometry, and nano-particles concentration variation are 
shown in Fig. 11. It can be noted that the introduction of nanoparticles improves the heat transfer coefficient, likewise, pressure drop 
also increases. Furthermore, change in geometry from straight to wavy and dual wavy provided enough improvement in heat transfer 
coefficient due to flow mixing and, for the same reason, requirement of pumping also increases due to pressure drop increment. 
Pressure drop for both dual wavy channels was approximately same but more than wavy and straight channel. 
TPF estimation of the wavy and dual wavy channel by keeping a benchmark straight channel of respective particles concentration is 
given in Fig. 11c. It can be observed that, for all Reynolds numbers, TPF is greater than 1, showing positive response towards change in 
geometry due to the dominance of Nusselt number compared to pressure drop. For wavy channel, a decrease in slope is experienced 
above Re = 600, whereas both dual wavy channels suffer from reduced TPF slope after Re = 300. Furthermore, a uniform behavior of 
TPF is observed for the dual wavy case as compared to the erratic behavior of the wavy channel. The reason behind this trend is 
periodic vortices formation from the low to high Reynolds number for the dual wavy channel. Dual wavy with wavy base utilizes the 
vortices for heat dissipation but when heat flux is introduced at flat base the small vortices on the upper side of the channel as shown in 
Fig. 8. Velocity Contours at cross-section with 6% Alumina a) Straight channel, b) Wavy channel, and c) Dual wavy channel (FB), and d) Dual wavy 
channel (WB), Velocity Contours at cross-section with 6% Alumina for Wavy channel at d) Re = 100 and e) Re = 900. 
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Fig. 8c were unable to dissipate heat efficiently, thus both dual channels provided approximately equal pressure drop but top wall 
heated channel provided less convection. Therefore, for all Reynolds number, TPF of flat base dual wavy channel lagged, especially at 
Re = 600. A maximum TPF of 2.2 is seen for dual wavy channel with wavy base at Re = 600 at 6% particles concentration, conversely, 
flat base channel failed to show significant enhancement at the same velocity and concentration. Flat base channel performed better 
with approximately 14% at Re = 300 when compared with wavy but remained below wavy base channel. 
4. Conclusions 
The study investigated the effect of channel shape and inclusion of nanoparticles on the heat transfer performance with heat flux 
boundary conditions using numerical computation. Dual wavy with flat a base and wavy base showed highest Nusselt number increase 
of more than 50% when compared with straight channel of equal concentration. For 3% nano particles addition in all channels, on 
average straight channel showed the highest improvement of 7% when compared with 0% concentration channel. For 6% nano 
particles addition in all channels, on average both dual wavy channels showed the maximum improvement of 8% when compared with 
0% concentration channel. Compared to the straight channel of equal concentration dual wavy channel showed maximum temperature 
drop of an average of 10 ◦C for wavy base and 9 ◦C for flat base channel at Re = 300. Dean vortices formation in the wavy channel 
enhances the heat transfer as a result circulating heat from the base of the microchannel, thus creating a cooling effect. Increase in 
nanoparticles concentration leads increase in the Nusselt number and pressure drop. Development of early counter rotating regular 
vortices in dual wavy channel helps in reduction of a base temperature. The formation of regular occurring vortices over the interval of 
wave curve help in convective heat transfer improvement and reduction of pressure drop. On the other hand, erratic flow in the wave 
increases pressure drop. TPF of a dual wavy channel for each concentration remained non-overlapping and maximum TPF of 2.2 is 
achieved for a wavy base dual wavy channel with 6% nano-particles concentration at Re = 600, whereas, flat base channel showed a 
TPF of 1.95 for 6% alumina concentration at Re = 600. Considering wavy microchannel a maximum TPF of 2.1 is observed for 3% 
alumina concentration at Re = 900. 
Fig. 9. Temperature Contours at cross-section with 6% Alumina a) Straight channel, b) Wavy channel, c) Dual wavy channel (BH), and d) Dual 
wavy channel (TH). 
Fig. 10. Prandtl number (Pr) variation with Reynolds number.  
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